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1. INTRODUCTION 

 

 Prostate cancer (PCa) remains to be the most common non-skin cancer in the US. 

Currently available screening tests for PCa including prostate specific antigen (PSA) test, 

digital rectal examination (DRE) and prostate biopsy, call for more accurate and non-

invasive techniques to detect, diagnose, and stratify the disease based on molecular 

markers present in the body fluids. There has been an impressive emergence of mass 

spectrometry based technologies applied toward the study of such biomolecular markers 

of disease states. Our focus on utilization of such techniques towards prostate cancer will 

promise a better health and future for PCa patients. We have devised strategies to isolate 

and identify protein biomarkers from PCa patients in the clinical gray-area where PSA 

fails to detect cancer. Identification of such cancer biomarkers will assist in development 

of better non-invasive diagnostic tools for prostate cancer and may also lead to better 

therapeutic targets.   

 

2. DESCRIPTION OF RESEARCH PROJECT:   

 

Background:   

 Prostate Specific Antigen (PSA) testing has tremendously increased the detection 

of early-stage prostate cancer (PCa). However, a serum PSA value greater than 4.0 

ng/mL warrants a biopsy that often indicates benign disease. On the other hand, recent 

assessments reveal an equally elevated risk (20-25% incidence) of PCa among men with 

serum PSA levels from 2.5 - 4.0 ng/mL. Our objective was to determine if serum protein-
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expression profiles could be used to differentiate between benign and malignant prostate 

cancer in biopsy proven case (biopsy positive) and control (biopsy negative) patients with 

marginal clinical symptoms (serum PSA levels < 4.0 ng/mL). 

  

 Studies have demonstrated that high-throughput proteomic approaches for protein 

“fingerprint” profiling have tremendous potential for identifying biomarkers to improve 

prostate cancer diagnosis [Reviewed by (Petricoin et al, 2004; Semmes et al, 2006; 

Wright et al, 2005)].  A large number of proteins that are relevant in understanding the 

biological processes are expressed at low levels in the system. Therefore, there is a need 

for highly sensitive, high throughput methods to analyze a wide dynamic range of 

proteins. In order to improve the ability to “mine” the full depth of the proteome, we 

aimed to apply the UltraFlex™ MALDI-TOF/TOF instrumentation equipped with 

ClinProt robotic bead-based sample processing station (Bruker Daltonics). The MALDI-

TOF instrument provides improved ability to mine deeper into the proteome, improved 

resolution/accuracy and the ability to achieve peptide/protein identification (Suckau et al. 

2003).  

 

The SPECIFIC AIMS of our original application were- 

AIM 1.  Serum cohort to identify prostate cancer (PCa) population with minimal 

 clinical symptoms.  

AIM 2. Discovery of protein biomarkers for the early detection of PCa in cohort. 

AIM 3. Isolation and identification of the protein biomarkers. 

AIM 4. Development of MS-assisted immunoassay for PCa diagnostics. 
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3. KEY RESEARCH ACCOMPLISHMENTS 

 

3.A. Serum Cohort to Identify Prostate Cancer (PCa) Population with Minimal 

Clinical Symptoms.  

 

 Our studies were directed at the male population that present with marginal 

symptoms (such as low PSA levels and/or positive DRE) and who undergo biopsy. In our 

previous report, we had identified, collected and stored serum specimens from 185 

patients with positive prostate biopsy. We had also collected a set of 223 serum samples 

from patients with negative biopsy. All the samples were stored at -80oC in small aliquots 

ready to be used for this study. 

 

 For the first (pilot) phase of the project, 106 subjects were selected from the 

control group and 68 subjects were selected from the cancer group to form the sample 

cohorts for MALDI-TOF and MALDI-TOF/TOF analysis. No attempt was made to 

match the samples between cohorts for age, race, body mass index, or other risk factors. 

Attempt was made to maintain the date of biopsy no more than four weeks from the date 

of serum collection in this cohort.  

 

 Only pretreatment samples, obtained at the time of diagnosis of prostate cancer, 

were collected for use in this study.  All samples were obtained from properly consented 

patients through the institutional review board approved protocols.  
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3B. Discovery of Protein Biomarkers for the Early Detection of PCa in Cohort. 

  

 In our original application, we proposed to establish the clinical utility of 

MALDI-TOF mass spectrometry approach to protein profiling and biomarker discovery, 

and employ it to the specific early detection objectives in PCa by applying these proven 

approaches to the characterization and sequence identification of promising biomarkers 

for detecting early cancer.  

 

 We targeted serum as a source of proteome in our studies because we have 

encouraging preliminary results that this source can serve as potential diagnostic assay in 

that it is routinely available clinically and demonstrates reasonable reproducibility in 

protein concentration. 

 

However, the identification of biomarkers of cancer in a complex body fluid such 

as blood and/or serum requires effective sample preparation prior to mass spectrometry-

based analyses (Semmes et al. 2006). An effective sample preparation technique would 

not only significantly reduce the complexity of the samples, but also eliminate the 

abundant proteins such as albumin, immunoglobulins etc. from the samples, hence 

concentrating the low molecular weight and low abundance proteins, enhancing their 

eventual visualization on the MS platform.  

 

The objectives of this aim were achieved by the following sub-aims- 
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3.B.1. Development and Evaluation of Methodologies for Protein Profiling.  

 

 As indicated in our previous report, a significant portion of our efforts were spent 

in the first year to optimize the strategies to enrich low abundant proteins to allow for 

their identification by mass spectrometry. For the most part, we utilized pooled human 

serum set referred to as QC (quality control serum) as our evaluation sample set to 

develop methodologies for up-front 

fractionation of serum for MALDI 

profiling. After careful assessment of 

two parameters- whether serum 

depletion prior to fractionation 

improves the detection of the 

proteins, and which fractionation strategy provides the most differential capture of these 

proteins between case and control, we established protocol(s) for paramagnetic bead-

based fractionation for automation of the techniques on the ClinProt robotic workstation. 

The employment of functionalized magnetic bead-based techniques in conjunction with 

mass spectrometry allows for much shorter sample processing times and automatic 

workflows for efficient reproducibility. Subsequent high-resolution MALDI-TOF allows 

for highly sensitive analyses of the detected proteins and/or peptides. 
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Figure 1.  A typical spectrum of quality control serum (QC) 
on the Bruker UltraFlex platform displays the presence of 
three major serum peaks obtained on IMAC beads that were 
used for protocol optimization. 

 

 We designed our approaches to target two different profiling strategies- “Top-

down” and “bottom-up” approach. In the top-down proteomics approach, we aimed to 

resolve the whole proteins from un-fractionated serum samples utilizing paramagnetic 
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beads prior to mass spectrometry analysis. In the bottom-up proteomics approach, 

complex protein mixtures can be enzymatically digested prior to separation and 

differential expression determined using mass spectrometry.  

 

Figure 2. Two major approaches to clinical proteomics. A: In the Top-down proteomics approach, whole 
proteins are pre-fractionated via various gel and non-gel based techniques. Intact proteins of interest are then 
subjected to subsequent MS-based analyses using either single or tandem mass spectrometry. B: The bottom-up 
proteomics approach utilizes primarily non-gel based fractionation of peptides generated from complex protein 
mixtures. Digest-generated peptides are then subjected to mass spectrometry analysis. The approach can involve 
simple peptide mass profiling as well as quantitative tandem mass spectrometry to yield protein identification 
and relative protein concentration. Modified from (Semmes and Malik et al, 2006).  

In all of these conceptual approaches (see Figure 2), front-end sample 

fractionation and separation strategies are required to reduce the complexity of native 

clinical sample such as serum. After careful assessment of both the approaches in the first 

year and using the quality control serum (QC) for a stepwise evaluation process based 
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upon achieving specific parameter objectives that measure the sensitivity, mass accuracy, 

signal-to-noise, resolution and reproducibility of the instrumental process, we first 

focused on the protein expression profiling using the top-down approach (Figure 3, In 

braces), as described in the following section. 

 

 
Figure 3. Experimental flow chart for protein profiling using mass spectrometry.  

3.B.2. “Top-Down” Approach for Protein Profiling.  

 

Protein expression profiling using MALDI-TOF approach has seen a wide 

application to many disease sites including prostate cancer. Our laboratory and others 

have been employing a combination of chromatographic paramagnetic beads and MALDI 

TOF/TOF MS to present a powerful and sensitive analysis of pre-fractionated samples 

(reviewed by [Pusch and Kostrzewa, [2005]]). The paramagnetic beads allow for 

reasonable high throughput processing and reproducible fractionation of 
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proteins/peptides, followed by MALDI-TOF MS analysis (Figure 3). Since the 

introduction of this technology to the field, the technique has been widely used for single 

or multidimensional separation of proteins/peptides on the beads. The fractions are then 

spotted on target plates for MALDI-TOF analysis [Villanueva et al., [2004]].  

 

We utilized metal-binding (IMAC-Cu) or cation-binding (WCX) paramagnetic 

beads for this approach. Based on our past experience with the magnetic bead-based 

separations, we had chosen these two beads to be most functional in capturing a large 

number of protein/peptide “peaks” while establishing a case versus control differential 

prior to mass spectrometry analysis.   

 

Details of the protocol are given in the attached manuscript. Briefly, whole un-

fractionated serum was incubated with the magnetic beads and non-bound components 

removed by subsequent wash steps. Sample tubes containing the magnetic beads were 

mixed and rinsed robotically on a magnetized surface on a Bruker ClinProt robotis 

workstation. All sample processing (binding, washing, elution, matrix addition, plate 

spotting) were performed with this automated system. Eluted proteins/peptides from the 

beads were then spotted on an AnchorChip sample target platform (384 spots). Profile 

spectra were acquired in the linear mode as well as reflector mode on an Ultraflex™ 

MALDI-TOF/TOF instrument (Figure 3).  The performance of this system and any 

optimization were based upon the same parameters optimized for the display of key QC 

peaks (Figure 1).  Suitable protein/peptide peaks were then analyzed by MALDI-LIFT 
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TOF/TOF MS to identify the corresponding proteins by database search. Details of the 

research design and methods are given in the attached manuscript.  

 

The system was evaluated using defined case (n = 68) and control (n = 106) 

samples from our serum cohort (as described in Section 3A) to examine the ability of the 

UltraFlex™ to achieve correct classification using algorithms that are available in the 

Bruker MALDI-TOF software suite as well as newer classification approaches. The 

analysis of the MALDI data in house was accomplished by Dr. Malik.  In parallel we also 

sent the data to Dr. John Cornell (UTHSCSA) for analysis using Decision Tree algorithm 

and other classification approaches (see letter of collaboration in appendix). 

 

Initial analysis of MALDI data processed by the Bruker software for baseline 

subtraction, peak alignment, peak selection, normalization of intensity and mass/charge 

calibration, using a Decision Tree algorithm yielded 73.5% sensitivity and 93.8 % 

specificity for classifying cancer and non-cancer cases with an area under the ROC curve 

of 0.94 (see attached manuscript for details). Analysis of Raw or Un-processed MALDI 

TOF data is under progress and will be included in the manuscript. 

 

The proposed system for triage allowed for a rapid decision regarding the pursuit 

of protein profiling and/or individual biomarker discovery approaches. Subsequent 

analysis with a larger well-designed clinical sample set will test the utilization of this 

approach in cancer diagnostics (see section 3.B.4.). 
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3.B.3. “Bottom-up” Proteomics Approach  

  

 As described in detail in our previous report, we aim to apply the bottom-up 

proteomic approach towards the capture the glycoproteins and/or peptides. The captured 

glycoproteins will then be digested with trypsin or similar enzyme to generate peptide 

fragments from each protein (See Figures 2 and 3). Proteomic or “peptidomic” profiling 

of these digest generated 

peptides will result in fast 

and efficient profiling of 

high molecular weight 

proteins and therefore, 

overcome the limitations 

on the resolvable mass 

range in MALDI mass 

spectrometry. This will 

also lead to fast and 

highly sensitive protein 

identification from the protein fragments in the MALDI-LIFT TOF/TOF mode. This 

approach will integrate high-resolution separation of digest-generated peptides with 

increasingly sophisticated mass spectrometry for bottom-up differential identification. 

 
Figure 4. Pooled quality control serum was digested with Trypsin and 
analyzed by MALDI-TOF MS after purification with ClinProt MB-ConA 
beads. The sample fractions were run on both Linear (upper) and Reflector 
(lower) mode.  

 

Initial evaluation of this approach using QC serum has been achieved as reported 

last year (Figure 4). We will now utilize samples from the same serum cohort for case (n 
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= 68) and control (n = 106) comparison on this platform. In an effort to maintain the 

number of freeze/thaws the same for both the studies described in section 3.B.2 and in 

this section, duplicate aliquots of this sample set were prepared and stored at -80°C for 

these studies.  

 

3.B.4. Validation of Protein Profiling in Larger Sample Cohort.  

  

 The initial proof-of-concept protein profiling study as decsribed in Section 3.B.2. 

directs us to test the MALDI-TOF platform in a much more sofisticated and larger case 

versus control study (n ≈ 300 each). A critical component of our approach would be the 

overall study design. Acquiring serum samples just before biopsy would assure that each 

sample would be handled in a similar manner. Variables related to serum clotting and 

storage times before freezing would be minimized. Each sample will be appropriately 

aliquoted at this initial step to minimize freeze-thaw cycles. The need for a “normal” 

population aquired from healthy volunteers, which can be particularly difficult to match 

with samples acquired in the clinic, is not necessary for this study. Instead, pooled 

reference serum samples (QC) would be included within the analytical process to ensure 

the reproducibility of the process and the quality of the spectra generated. The bead 

capture steps and spotting of the samples for MALDI analysis are all fully automated. 

Since the sample size would be much larger in this cohort, throughoput of the MALDI 

platform would be maintained by incorporating a Twister attachment (Bruker Daltonics) 

a robotic arm that automates the reading of the Anchor chip for an overall throughput in 
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multiples of 384 samples, thus automating the sample processing pass-through from 

ClinProt robot to UltraFlex™. 

  

 We will utilize the samples collected and maintained by Dr. Ian M. Thompson 

(see letter in appendix). His laboratory would be our source of samples for the second 

phase of validation and a letter of collaboration is included for the same.  

 

3C. Identification of Diagnostic Proteins/Peptides Using the UltraFlex™ TOF/TOF. 

       

 The recent introduction of MALDI LIFT-TOF/TOF mass spectrometry through 

Bruker Daltonic’s release of the UltraFlex™ system has provided the proteomics 

community with unprecedented capabilities [for review see (Suckau et al. 2003)].  When 

operated in the TOF/TOF mode the UltraFlex™ achieves very high resolution, accuracy 

and signal to noise and effective tandem mass spectrometry for protein identification 

(Figure 5).  

  

 After initial analysis in the linear mode, target proteins/peptides of interest are 

visualized for further identification and characterization. When the protein peak has been 

targeted, identification is achieved with the UltraFlex™ which employs ion potential lift 

(LIFT) technology in a MALDI-TOF/TOF platform for highly sensitive (attomolar range) 

and accurate tandem mass spectrometry for peptide mass fingerprints (PMFs) (Figure 5).   
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Figure 5. Experimental flow-chart for protein identification using MALDI-LIFT-TOF/TOF approach. 
Protein peak of interest is “gated” for MALDI-LIFT and identified by sequence search using Biotools 3.0. 
Subsequent verification of the protein identity is performed by Western blotting of MALDI eluates.  

 In a proof-of-concept study, we applied MALDI-LIFT TOF/TOF approach to 

some of the major proteins/peptides that displayed a significant differential expression 

between cases vs. controls (p < 0.05) in the study described in section 3.B.2. (See 

attached manuscript for details). In brief, to identify some of the protein peaks (p < 0.05) 

generated by the MALDI-TOF, MALDI-LIFT-TOF/TOF spectrometry was applied to the 

eluates from the magnetic beads in the presence of CHCA matrix. Fragment ion spectra 

were first analyzed with FlexAnalysis 3.0 (Bruker Daltonik GmbH, Germany). Peptide 

mass fingerprints generated by the MALDI-LIFT approach were used for MASCOT 

(Matrix Science, London, UK) search employing Biotools 2.2 (Bruker Daltonics). Initial 

analysis revealed the identity of some of the key proteins overexpressed in case vs. the 

control set in more than one peptide fragments. The identified proteins were verified by 

Western blotting of the MALDI eluates with antibodies specific to the proteins. The 
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details of results and methodologies used in this section are given in the attached 

manuscript. 

 

 A major advantage to the combined ClinProt UltraFlex™ system is the ability to 

directly scale up for isolation and purification prior to applying sequence identification 

efforts. Specifically, the identification of small mass (<10,000 Da) proteins/peptides can 

be achieved; a mass range not effectively mined by traditional gel based approaches. For 

large sized and/or hard to fragment proteins, protein fractions generated by the MALDI 

beads will be trypsinized and applied either to combined Laser Induced Dissociation 

(LID) or LC-MS/MS for protein identification. We have had good success with the 

protein identification using a combination of SELDI, affinity chromatography, gel 

filtration chromatography and tandem mass spectroscopy (Malik et al, 2007; Malik et al, 

2005).  Proteins/peptides that are very large are not likely to be analyzed with MALDI-

LIFT approach.  Thus, the combination of the two technical approaches gives us much 

improved “coverage” with respect to the range of proteins that can be identified. 

   

  The profiling data generated by MALDI-TOF MS will also be used to identify 

paired samples that greatly over-express or under-express the targeted biomarker(s) of 

interest.  The selected paired samples will then each be subjected to further verification 

by Western analysis. 

 

 The identification of protein/peptide components of a fingerprint protein profile is 

critical to both validating the utility of the disease fingerprint pattern and to maximizing 
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the utility of the individual biomarker. For instance knowing the composition of the 

proteins/peptides that are over-expressed and/or under-expressed that comprise the 

diagnostic pattern will provide a surrogate marker for the profiling assay and enable 

optimization of the “diagnostic” platform. In addition identification of all the 

proteins/peptides that comprise the diagnostic pattern will provide the basis for 

development of a multiplexed immuno-assay; which could potentially enter into the 

clinic as a diagnostic test more rapidly (See next section for details).   

      

3.D. Development of MS-assisted Immunoassays for PCa Diagnostics.  

 

 We have previously identified biomarker protein/peptides that comprise disease-

specific signature profiles.  Each of these biomarker proteins are then verified and 

validated using antibody-based assays.  Two such biomarkers, Apolipoprotein-AII and 

Histone H2B have reached the point of designing pre-validation studies (Malik et al, 

2007; Malik et al, 2005).   

      

 Upon successful fulfillment of Aims 2 & 3 (Section 3B and 3C) we will acquire 

or develop antibodies to 

all the identified proteins 

and a dilution end-point 

Western analysis will be 

conducted for each 

(Figure 6) to determine 
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72.0 - - 75.0

- 75.0
72.0 -
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- 75.0
72.0 -

NO    PCa

Complement C3

Kininogen- HC
 

Figure 6. Western Analysis of paired case (PCa) and control (NO) samples 
generated by WCX-magnetic beads on ClinProt robot.  
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the relative difference in expression levels between each of the paired case/control 

samples.  

 

 Most of the identified proteins were much larger than the protein/peptide 

fragment peaks identified on MALDI-LIFT. However, most of the proteins were 

identified from as many as four unique peptides, thus increasing the overall percent 

coverage of the identified protein peak. To verify that the identified biomarker is indeed 

the same peak or set of peaks, as seen in the MALDI trace, the antibodies will be used to 

immuno-deplete the sample prior to analysis by MALDI.  This trace will be compared to 

a spectral trace of the same sample immuno-depleted with a non-specific protein of the 

same isotype. In this comparison the immuno-depletion with the specific antibody should 

show a decrease in the diagnostic MALDI protein peak or protein fragments. Since we 

have verified that antibodies specific to the identified proteins were effective at 

recognizing the respective protein on Western blots, we are now in the process of using 

these reagents to selectively immuno-deplete the proteins and their respective MALDI 

peaks from the sera.  

  

 The next verification study utilizes the SELDI or MALDI-based immuno-assay 

capabilities.  The ability of SELDI to function as an accurate immuno-assay tool has been 

demonstrated (Malik et al, 2007; Malik et al, 2005; Xiao et al, 2001; Xiao et al, 2000).  In 

short, the specific antibodies are attached to a derivitized ProteinChip® surface and the 

treated ProteinChip® is then reacted with sample. Antibody specific antigens are then 

detected as peaks corresponding to antigen mass. This approach has the added advantage 
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of being able to examine antigen fragments apart from whole protein. Protein G or 

Protein A coated magnetic beads can also be cross-linked to specific antibodies for high 

affinity, quantitative capture of selective biomarkers on the MALDI platform. Positive 

results in these two steps will warrant a mini-validation using the SELDI or MALDI 

immuno-assay. Specifically, 50 cases and 50 controls will be processed using the 

antibody-specific proteinchip or magnetic beads and examined for expression levels that 

correspond to the original MALDI and also provide promising discriminating power.  

 

 The ability of the identified and validated biomarkers to diagnose prostate cancer, 

especially in sample groups where PSA fails to detect cancer (clinical gray area), would 

be tested using large sample sets on MALDI and SELDI-based immunoassays using 

sample cohorts from Dr. Ian Thompson. Data generated from the immuno-depletion and 

mass spectrometry-assisted immunoassays will be used to report it in a manuscript form. 

Timetable for the Proposed Studies 
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Work Planned for Remaining Year 

 
1. We will finish the MALDI-TOF and TOF/TOF Protein Profiling in serum cohort 

designed for the proof-of-concept study using the “bottom-up” peptidomics approach. 

Serum aliquots with the same freeze-thaws as in the study reported here are prepared 

and stored at -80°C. A manuscript describing these studies is in preparation (see 

attached appendix). 

2. We will finish MALDI-LIFT biomarker identification, especially in the high 

molecular weight range (> 10,000Da) using combinatorial approaches. All the 

identified biomarkers will be verified by Western blotting. 

3. Biomarker Verification- to develop diagnostic immunoassays, antibodies to identified 

biomarkers will be tested on SELDI and/or MALDI-based immunoassays and then 

validated by larger sample sets. This work will be performed in collaboration with Dr. 

Ian Thompson. 

4. MALDI Data Analysis is being conducted in collaboration with Dr. John Cornell, 

UTHSCSA (see attached letter). Data generated from the raw un-processed MALDI 

data of the pilot experiment will be included in the attached manuscript.  

5. Sample collection with patient follow-up- Phase II- This work will be done in 

collaboration with Dr. Ian Thompson. His laboratory is developing a prospective 

collection of samples from patient follow-ups which will be used for second phase of 

Aim2 in our study. 

6. Sensitivity and specificity of the generated algorithm(s) would be tested and validated 

using this independent test set of the prospectively collected samples. This phase will 

provide the data needed for submission in a manuscript form. 
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4. REPORTABLE OUTCOMES  

 

4.1. As reported last year, serum samples from 223 patients with negative prostate 

biopsy (controls) and 185 patients with positive prostate biopsy (cases) in the 

clinical gray area of diagnosis (PSA < 4.0 ng/mL; Abnormal DRE and/or elevated 

PSA etc.) were collected and stored in our serum repository for use in this study.  

4.2. Initial evaluation of the pre-fractionation of serum samples prior to MALDI-TOF 

MS was performed. Based on the results of the initial pilot-experiments, bead-

based capture of whole un-fractionated serum prior to MS analysis generated the 

best outcome.  

4.3. A proof-of-concept MALDI-TOF profiling study was performed in carefully 

selected case (n = 68) versus controls (n = 106) using IMAC-Cu and WCX 

paramagnetic beads and processed in both Linear and Reflector mode on the 

Bruker Ultraflex platform. 

4.3.1. All the samples were processed in a randomized format in duplicates using 

  robotic magnetic bead based enrichment with MB-IMAC-Cu and MB- 

  WCX beads and analyzed on Bruker Ultraflex III MALDI-TOF mass  

  spectrometer in both linear and reflector mode.  

 4.3.2. About 1500 spectra (348 spectra generated from each data set) were 

 analyzed for peak intensity normalization, baseline subtraction, calibration 

 and peak picking using Flex Analysis 3.0 software. 
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 4.3.3. ClinProt 2.0 software, used for initial analysis of sensitivity and specificity 

 of the protein peaks generated with the software generated poor to modest 

 classification. 

 4.3.4. Application of Adaboost algorithm with a J48 decision tree algorithm with 

 pruning to the MALDI processed data generated the strongest 

 combination of 73.5% sensitivity and 93.8% specificity for 

 classifying cancer and non-cancer cases with an area under the ROC 

 curve of 0.94.  This was conducted in collaboration  with Dr. John Cornell 

 (a letter is attached). Results of the analysis of the processed data 

 (completed) and raw data (In progress) will be incorporated in the 

 attached manuscript. 

4.4. For protein identification, MALDI-TOF protein peaks with the best differential in 

case vs. control (p < 0.05) were analyzed my MALDI-LIFT in the TOF/TOF 

mode. Initial results identified three major proteins from the WCX eluates- 

Complement component C3, Fibrinogen-alpha and Kininogen, in more than one 

peptide “peaks” (total protein coverage ≈ 30%), overexpressed in cases as 

compared to controls. None of the differential protein peaks from IMAC eluates 

could be identified probably due to posttranslational modifications. Efforts are 

underway to devise strategies to identify and verify all the differential peaks 

identified from MALDI platform. 

4.5. Western analysis was performed in paired overexpressing and underexpressing 

case and control sample eluates from MALDI beads to verify the protein 

identities. 

 - 23 - 



4.6. During my postdoctoral training at Eastern Virginia Medical School (EVMS), I 

was offered a position at the newly developed Division of Molecular Pathology at 

the Cancer Therapy and Research Center’s (CTRC) Institute for Drug 

Development (IDD) in San Antonio, Texas. I joined there as a Senior Research 

Associate from Oct 2, 2006.  

4.7. Department of Defense was requested to transfer the postdoctoral traineeship 

award from EVMS to CTRC which was successfully completed in March, 2007. 

4.8. Since several months were spent in my re-location, award transfer and setting up 

the new laboratory at the Molecular Pathology Division, CTRC, a no-cost 12 

month extension was separately requested for the grant period. 

 

Peer-reviewed publications related to proteomics:  

 

1. Dale McLerran…Gunjan Malik, EPSIC members and O. John Semmes. SELDI-

TOF-MS whole serum proteomic profiling with IMAC surface does not reliably 

detect prostate cancer. Clin. Chem. 2007 Nov 16. In Press. 

2. Dale McLerran…Gunjan Malik, EPSIC members and O. John Semmes. Analytical 

validation of protein expression profiling for diagnosis of PCa; Sources of sample 

bias. Clin. Chem. 2007 Nov 2. In Press. 

3. Gunjan Malik, Elizabeth Rojahn, Michael D. Ward, Mathew B Gretzer, Alan W. 

Partin, O. John Semmes, Robert W. Veltri. SELDI Protein Profiling of Dunning 

R3327 Derived Cell Lines: Identification of Molecular Markers of Prostate Cancer 

Progression. The Prostate. 2007 Aug 17; 67(14):1565-1575. 

4. Malik G, Ward MD, Gupta SK, Trosset MW, Grizzle WE, Adam BL, Diaz JI, 

Semmes OJ. Serum Levels of an Isoform of Apolipoprotein A-II as a Potential 

Marker for Prostate Cancer. Clin. Cancer Res. 2005 Feb 1; 11(3):1073-1085.  
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 Published abstracts related to proteomics: 

 

5. Gunjan Malik, Saurabh K. Gupta, Michael D. Ward…O. John Semmes and Jose I. 

Diaz. Proteomic Analysis of T24T Derived Bladder Cancer Cell Lines Using 

Differential In-Gel Electrophoresis and LC-MS/MS. Annual AACR Meeting (April 

14-18, 2007, Los Angeles, CA). 

6. Rojahn Elizabeth, Sumit Isharwal, Gunjan Malik, Alan W. Partin, Robert W. Veltri. 

A novel membrane p17 protein biomarker is overexpressed in metastatic human and 

rat (Dunning) prostate cancer cell lines, human prostate tissues and serum. Annual 

AACR Meeting (April 14-18, 2007, Los Angeles, CA). 

7. Robert W. Veltri, Gunjan Malik, Elizabeth Rojahn, Cameron Marlow, Michael 

Ward, Alan W. Partin. “PBOV1 (UC28): Molecular characterization and assessment 

as a serum marker for detection of prostate cancer (PCa)”. Annual AACR Meeting 

(April 16-20, 2005, Anaheim, CA) 

 

Non peer-reviewed publications related to proteomics:  

 

1. Grizzle, WE, Semmes, OJ, Bigbee, WL, Malik, G, Miller, E, Manne, B, Oelschalger, 

DK, Zhu, L, Manne, U. Use of  high throughput mass spectrographic methods to 

identify disease processes with emphasis on SELDI-TOF-MS methods. In: George 

Patrinos, Wilhelm Ansorge (ed.), Molecular Diagnostics, Elsevier Press., June 06, 

2005 Chapter 17: 211-222. ISBN: 0-12-546661-7 

2. Lisa H. Cazares, Richard R. Drake, Gunjan Malik and O. John Semmes. SELDI-

TOF profiling for clinical diagnostic assay development. In: Fotini T. Stathopoulou 

(Editor), Genome and Proteome in Oncology, Nova Sciences Publishers, Inc., Mar 

30, 2005 Chapter 6: pp. 113-127. ISBN: 1-59454-285-6. 

 

Peer-reviewed publications related to the original grant application: 

 

1. Drake RR, Schwegler EE, Malik G, Diaz JI, Block T, Mehta A, Semmes OJ.  Lectin 

capture strategies combined with mass spectrometry for the discovery of serum 
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glycoprotein biomarkers. Mol. Cell. Proteomics. 2006 Oct; 5(10):1957-67. 

2. O. John Semmes, Gunjan Malik and Mike Ward. Application of Mass Spectrometry 

to the Discovery of Biomarkers for Detection of Prostate Cancer. Journal of Cellular 

Biochemistry. 2006 Jun 1; 98(3):496-503. Review. 

 

 Published and/or submitted abstracts related to the original grant application: 

 

1. Gunjan Malik, Lisa H. Cazares, O. John Semmes and Jose I. Diaz. Identification and 

Characterization of Prostate Cancer Associated Protein Biomarkers using High-

throughput Mass Spectrometry. Annual AACR Meeting (April 12-16, 2008, San 

Diego, CA). 

2. Gunjan Malik, Lisa H. Cazares, Kali Makedou, Saurabh K. Gupta, Shamina G. 

Mitchell, Mary Ann Clements, Tarek O. Kandil, Brian P. Main, Richard R. Drake, O. 

John Semmes and Jose I. Diaz. Identification and Characterization of Prostate Cancer 

Associated Protein Biomarkers using High-throughput Mass Spectrometry. 

Department of Defense PCRP Innovative Minds in Prostate Cancer Today (IMPaCT) 

Meeting (September 5-8, 2007, Atlanta, Georgia). 

 

Manuscripts in progress: 

 

1. Gunjan Malik, Lisa H. Cazares, Saurabh K. Gupta, John. E. Cornell, Kali 

Makedou…O. John Semmes and Jose I. Diaz. Identification of prostate cancer 

associated protein biomarkers in the clinical “grey area” using high-throughput mass 

spectrometry. In Progress (Manuscript Appended). 

2. Gunjan Malik, Saurabh K. Gupta, and Jose I. Diaz. Identification of bladder cancer 

markers in the T24 model system by 2D-DIGE and LC-MS/MS analysis. In Progress 

3. Gunjan Malik, Saurabh K. Gupta, Michael D. Ward…O. John Semmes and Jose I. 

Diaz. Proteomic analysis of T24T derived bladder cancer cell lines correlates 

enhanced BMP signaling to liver metastasis. In Progress 
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4. Saurabh K Gupta, Gunjan Malik, James F. Courage and Jose I. Diaz. 

Characterization of gene expression signatures during prostate cell differentiation in 

normal prostate cell epithelium. In Progress 

 
Grant application(s) applied for/under review related to proteomics: 

 

1. PA-06-299- National Cancer Institute (NCI), Exploratory Studies in Cancer 

Detection, Diagnosis, and Prognosis (R21). Title- “A comprehensive genomic and 

proteomic analysis of molecular markers contributing to the metastatic ability of 

cancer cells and their subsequent clinical validation”. Earliest Anticipated Award 

Date- June, 2008. 

2. 2008 San Antonio Area Foundation Research Grant. Title- “Development of 

Molecular Markers of Cancer Metastasis”. Earliest Anticipated Award Date- May, 

2008. 

 

5. SUMMARY/CONCLUSIONS 

 

 Prostate cancer (PCa) is the most frequently diagnosed cancer in men. With an 

estimated 27,050 deaths from PCa, it is a leading cause of cancer death in men. The “gold 

standard” diagnostic marker for PCa is prostate specific antigen (PSA) and the rapid 

incorporation of aggressive PSA testing has resulted in a dramatic reduction in the 

identification of advanced stages of PCa as well as deaths secondary to PCa (McDavid et 

al, 2004; Carter et al, 2004). However, increasing number of reports are emphasizing the 

limitations of the maker in prostate cancer diagnosis. More than 90% of all PCa are 

discovered in the local and regional stages with their 5-year survival rate reaching almost 

100%. However, the survival rate drops to 33% when PCa has spread to distant sites. 

Approximately 40,000 men die each year with PCa metastasis (Jemal et al, 2007).  
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 Recent findings suggest that 15-25 percent of men with a "normal" PSA level of 

<4.0 ng/mL have had prostate cancer, which therefore underscores the need to consider 

fundamental changes in the approach to diagnosing prostate cancer (Thompson et al, 

2004). Several other calculated parameters, such as PSA density, PSA transition zone 

density, PSA velocity or age- and race-specific PSA ranges, were only partially 

successful in enhancing the specificity of PSA (Catalona et al, 2000; Nixon, 1997; 

Thompson et al, 2006). Expression profiling and proteomics have the potential to 

transform the management of prostate cancer, identifying new markers for screening, 

diagnosis, prognosis, monitoring and targets for therapy (Masters, 2007).  

  

 In this grant application, we proposed to design and conduct carefully planned 

protein profiling studies for the discovery of new and novel biomarkers in serum of 

patients with a “normal” PSA, which could be used to differentiate between biopsy-

proven cases and controls. Serum was collected and stored from patients who presented 

marginal clinical symptoms (PSA < 4.0 ng/mL and/or abnormal DRE etc.) and a subset 

of 68 cases and 106 controls were subjected to MALDI-TOF and MALDI-TOF/TOF 

mass spectrometry protein profiling using two different types of paramagnetic bead-based 

separation techniques. Samples were run in both linear and reflector mode on the Bruker 

Ultraflex platform. Identified “peaks” were utilized to develop classification algorithms 

using both in-house as well as other classification approaches (in collaboration with Dr. 

John Cornell, University of Texas Health Science Center, San Antonio).  
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 Protein/peptide peaks displaying significant differential expression (p < 0.05) 

between cases vs. controls were also subjected to MALDI-LIFT TOF/TOF for protein 

identification. Identified proteins were then verified in paired over-expressing and under-

expressing case vs. control samples using Western blotting with antibodies specific to the 

identified proteins. These antibodies will now be used to develop SELDI and/or MALDI-

based immunoassays. Identification of all the proteins/peptides that comprise the 

diagnostic pattern will provide the basis for development of a multiplexed immuno-assay; 

which could potentially enter into the clinic as a prognostic test more rapidly.  

 

 Further analysis of larger, well designed case vs. control sample sets, stratified by 

disease stage and grade, in patients with “normal” PSA is under progress in collaboration 

with Dr. Ian Thompson at the University of Texas Health Science Center, San Antonio 

TX. This sample set will be used to challenge the algorithms developed by the initial 

studies as well assess the robustness of the platform. The samples will also be used to 

validate the mass spectrometry-assisted diagnostic immunoassays.  

  

 The incorporation of expression differences of serum proteins into a diagnostic 

platform may prove to be an important parameter in the realization of challenging 

objectives of prostate cancer diagnostics. The identification of the individual 

differentially expressed proteins that comprise the diagnostic expression profile is 

essential to facilitating real progress in the development of a robust accurate diagnostic 

platform, because classic measurements of serum levels of proteins that comprise the 

profiles will help to stabilize/normalize the profile from patient to patient. In addition, if 
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the proteins are identified and specific high affinity antibodies are generated to them, then 

more direct and potentially less expensive immunodiagnostic methods for analysis can be 

developed. Identified marker, or marker panel, may not replace the need for PSA 

screening and prostate biopsies, but would improve their use and help to minimize 

unnecessary biopsies. 

   

 We report that a small sample set (n = 68) of patients with PCa could be 

distinguished from benign disease and healthy men (n = 106) with a 73.5% sensitivity 

and 93.8 % specificity. The resulting false-negative rate of this algorithm may not 

supplant the existing capabilities of PSA “cut-off” value. However, it is notable that these 

“fingerprint” profiles retain the discrimination between disease and non-disease when 

PSA levels are < 4.0 ng/mL or in other words, in cases of PCa in which PSA would have 

failed to detect the disease. Thus, the use of a robust fingerprint pattern, in combination 

with PSA may extend the utility of this test. This is especially important in light of the 

recent results from the prostate cancer prevention trial (PCPT) showing that a significant 

number of advanced cancers go undetected in patients with “normal” PSA values.  

 

 In addition, identification of the proteins/peptides that comprise of these 

diagnostic fingerprints would result in the incorporation of an immune-based assay for 

the identified and verified proteins for the development of a more robust assay platform 

than mass spectrometry alone. The immunodiagnostic assays can then be utilized to 

detect the actual levels of these markers in prostate cancer patient sera having PSA < 4.0 

ng/mL, thus extending the utility of current blood testing for PCa. 
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APPENDICES: 
 
 

1. Letter of Collaboration- Dr. Ian M. Thompson Jr., Department of Urology, 

University of Texas Health Science Center, San Antonio, TX. 

2. Letter of Collaboration- Dr. John E. Cornell, Department of Epidemiology and 

Biostatistics, University of Texas Health Science Center, San Antonio, TX. 

3. Published Abstract, IMPaCT 2007. 

4. Manuscript Draft- Title- “Identification of Candidate Prostate Cancer 

Biomarkers in Low PSA (< 4.0 ng/mL) Serum Samples Using MALDI-TOF and 

MALDI-TOF/TOF Mass Spectrometry”.  
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Dear Dr. Malik:  
 
I would be happy to collaborate with you on the study entitled, “Identification and Characterization of Prostate 
Cancer Associated Protein Biomarkers using High-throughput Mass Spectrometry”. It is a well-designed project 
that addresses the vital issues in cancer diagnostics.  
 
I have extensive experience in biostatistical analysis of SELDI, MALDI, 2D-DIGE and Affymetrix data and I 
totally support your project. I will work with you on biostatistical analysis of proteomic data generated by your 
DOD-funded study and provide a proof-of-concept for further studies on well-designed clinical samples.  
 
I’ll be more than happy to also participate in the second phase of your project for validation of the cancer 
biomarkers in clinical samples using SELDI and/or MALDI-based immunoassays. Your research approach has 
a great prospect in generating new and novel molecular markers of prostate cancer as well as an overall 
understanding of the biology of cancer.     
 
Good luck with your project.  
 
Regards, 
 

 
 
John E. Cornell, PhD 
Professor 
Department of Epidemiology and Biostatistics 
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ABSTRACT:  

Purpose: Prostate Specific Antigen (PSA) testing has tremendously increased the 

detection of early-stage prostate cancer (PCa). However, a PSA value higher than 

4ng/mL warrants a biopsy that often indicates benign disease. On the other hand, recent 

assessments reveal an equally elevated risk (20-25% incidence) of PCa among men with 

serum PSA levels from 2.5 - 4.0 ng/mL. Our objective was to determine if serum protein-

expression profiles could be used to differentiate between benign and malignant prostate 

cancer in biopsy proven case (biopsy positive) and control (biopsy negative) patients with 

low serum PSA (< 4.0 ng/mL). 

Experimental Design: Serum was collected ± four weeks from the date of biopsy from 

prostate patients with a positive (CA) or at least three negative biopsies (NO). Sera were 

incubated in duplicates with- immobilized metal ion affinity magnetic beads charged with 

copper (IMAC-Cu); and weak cation exchange magnetic beads (WCX) using the 

ClinProt automated workstation. Samples were analyzed on matrix-assisted laser 

desorption/ionization time-of-flight (MALDI-TOF) instrument (Bruker Daltonics) in both 

linear and reflector modes. Spectra were processed and analyzed using ClinProTools 2.0 

software (Bruker Daltonics), and classifications determined using genetic-clustering and 

AdaBoost algorithms. MALDI-LIFT-TOF/TOF was applied to identify protein/peptide 

peaks of strongest significance using Biotools 2.2 (Bruker Daltonics).  

Results: Sera from a total of 174 subjects were selected to form cancer (CA; n = 68) and 

non-cancer (NO; n = 106) cohorts. The MALDI-TOF mass spectrometry yielded a total 

of 448 peaks, with 65 peaks expressed differentially (p < 0.05) between the cancer and 

non-cancer cohorts. The AdaBoost algorithm generated a sensitivity of 73.5% and 



specificity of 93.8% with area under the ROC curve of 0.94. MALDI-LIFT-TOF/TOF 

spectrometry identified some of the peaks of statistical significance which were verified 

by Western blotting. 

Conclusions: MALDI-TOF protein-expression profiles generated from sera (PSA < 4 

ng/mL) could be used to distinguish between cancer and non-cancer cases of prostate 

disease.  



BACKGROUND: The number of individuals affected by cancer continues to rise as our 

life expectancy increases. A total of 1,444,920 new cancer cases and 559,650 deaths for 

cancers are projected to occur in the United States in 2007. In fact, the incidence for 

urological cancers such as that of the prostate continues to climb with each successive 

year of life, making it the most common cancer in men. Prostate cancer (PCa) is the most 

frequently diagnosed cancer in men. With an estimated 27,050 deaths from PCa, it is a 

leading cause of cancer death in men. More than 90% of all PCa are discovered in the 

local and regional stages with their 5-year survival rate reaching almost 100%. However, 

the survival rate drops to 33% when PCa has spread to distant sites. Approximately 

40,000 men die each year with PCa metastasis (Jemal et al, 2007). Despite the long-time 

use of a 4.0 ng/mL cutoff for a ‘normal’ Prostate Specific Antigen (PSA) levels in the 

blood, it has been acknowledged that only about 25% of men with such an elevated value 

will be found to have cancer at prostate biopsy. Because of this, three quarters of men 

with an elevated PSA who have a biopsy undergo the procedure unnecessarily. Recent 

data from the PCPT trial suggest that the risk of PCa is equally elevated (20-25% 

incidence) even among men with serum PSA levels from 2.5 to 4.0 ng/mL. Additional 

indications for prostate biopsy include a rising PSA, an abnormal DRE, or lower PSA 

with other risk factors such as history of PCa and/or prior (negative) biopsies.  

The detection of such operable cancers earlier, the identification of indolent cancer and 

the avoidance of unnecessary biopsies are all promises of better molecular-based early 

detection efforts. High-throughput expression profiling approaches hold a tremendous 

potential for identifying biomarkers which could be helpful in detection, diagnosis and 

targeted therapy of cancer. The tremendous advances that have been made in high-



throughput "omics" technologies (e.g., genomics, transcriptomics, proteomics and 

metabolomics) are providing the most comprehensive means to identify candidate 

molecular markers of cancer (Semmes et al, 2006; Wulfkuhle et al, 2004; Zhang et al, 

2007).  The potential impact of these multifaceted discovery technologies on cancer 

diagnostics and prognostics can be realized via two complementary but separate 

directions. The first is the utility of the unique “fingerprint” pattern derived from the 

protein expression data.  The second is the discovery of actual protein/peptide biomarkers 

that can be subsequently utilized in an immunoassay or other multiplexed display array 

platforms. Proteomic techniques aimed at biomarker discovery have been centered on 

identification of differentially expressed proteins following gel or liquid chromatographic 

separation.  The candidate biomarker is then evaluated by immunoassay for population-

wide sensitivity and specificity at detection.  This two step approach is proven to be 

effective and has been greatly enhanced by the sequencing of the human genome and 

concomitant improvements in mass spectroscopy. 2D-gel analysis has been the proteomic 

tool of choice, with systems now routinely analyzing 10s of gels simultaneously.  

However, in addition to the need for high-throughput, there is a tremendous need for 

improved ability to “mine” the full depth of the proteome.  Methodology that can 

accommodate higher-throughput with the ability to observe high volume of protein 

events are needed to advance clinical proteomics. Currently, many systems that couple 

robotic handling of samples in the front-end to a MALDI-TOF mass spectrometer are 

being evaluated for clinical utility. 

The current study aimed at establishing the clinical utility of high-throughput MALDI-

TOF approach to protein profiling for specific early detection objectives in prostate 



cancer in men with PSA <4.0 ng/mL where there is still a significant percentage of PCa 

left undetected (~25%). We applied the MALDI-LIFT TOF/TOF approach to the 

characterization and sequence identification of potential biomarkers for detecting prostate 

cancer. We examined serum samples as readily available, relatively non-invasive source 

of cancer biomarkers. Identification of these cancer biomarkers will assist in development 

of better non-invasive diagnostic tools for prostate cancer. Further understanding of these 

biomarkers and their functional aspects may also eventually help in better perception of 

the biology of cancer and lead to better therapeutic targets. Development of new and 

novel biomarkers in this clinical gray area may also prove useful for contributing to the 

PSA test by complementing this marker in the range where PSA has failed to detect 

cancer. 



METHODS: 

STUDY DESIGN: Serum samples were collected from biopsy proven cases and controls 

within ± 16 weeks from the date of biopsy. A total of 68 cases and 106 controls were 

collected for this pilot study to allow an initial review of the sensitivity and specificity of 

the test. All the “normal” controls (biopsy negative; NO) and cases (biopsy positive; CA) 

had a PSA level from 0 - 4 ng/mL. The samples were collected and processed using the 

standard protocols for serum collection and stored at -80°C. All samples were obtained 

from properly consented patients through the institutional review board approved 

protocols. 

MALDI-TOF MS: The cancer and control serum samples were randomized over 96-well 

plates or bioprocessors (BP) along with randomly placed quality control serum (QC) as 

reference controls. Serum samples were assayed randomly with two different types of 

magnetic beads (Bruker Daltonics) with different binding affinities- MB-IMAC-Cu: 

Immobilized metal affinity charged with copper and MB-WCX: Weak cation exchange 

magnetic beads. Binding of serum samples to the magnetic beads was performed in 

duplicates, according to the manufacturer's recommendations on a ClinProt Automated 

Laboratory Workstation. Briefly, for each analysis, 20 μL serum was incubated with 10 

uL magnetic beads as per manufacturer’s instructions (Bruker Daltonics). Unbound 

proteins were discarded, and each sample washed three times in binding buffer. Bound 

proteins were eluted as per manufacturer’s instructions, and spotted in duplicate on an 

AnchorChip sample target platform (384 spots), mixed 1:10 with α-cyano-4-

hydroxycinnamic acid (CHCA in an acetone:ethanol mixture of 1:2). To run the samples 

in reflector mode, eluted proteins were mixed 1:5 in CHCA matrix with 0.25% TFA. 



Samples were run in both linear (0-100,000 m/z) and reflector (0-10,000 m/z) mode on an 

Ultraflex III matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) 

instrument (Bruker Daltonics) controlled by the Flex Control 3.0 software package. 

Peptide and Protein Standards (Bruker Daltonik GmbH, Germany) were used for 

calibration of the respective mass range. Flex Analysis 3.0 software was used to assess 

the spectra and ClinProt 2.0 software was used for normalization of spectra (using total 

ion current), baseline subtraction, calibration, peak labeling (mass-to-charge ratio or m/z 

values) and peak alignment (in the ± 0.2% m/z window).  

K-nearest neighbor genetic algorithm and support vector machine algorithm, contained in 

the software suite were used to select the protein/peptide peaks with most statistically 

significant differences in the two groups analyzed. After each model was generated, 

internal cross-validation was applied within the software to determine the sensitivity and 

specificity of the classifications.  

PROTEIN IDENTIFICATION: To identify some of the protein peaks (p < 0.05) 

generated by the MALDI-TOF, MALDI-LIFT-TOF/TOF spectrometry (Suckau D et al. 

Anal Bioanal. Chem. 2003 Aug; 376(7):952-65) was applied to the eluates from the 

magnetic beads in the presence of CHCA matrix. Fragment ion spectra were first 

analyzed with FlexAnalysis 3.0 (Bruker Daltonik GmbH, Germany). Peptide mass 

fingerprints generated by the MALDI-LIFT approach were used for MASCOT (Matrix 

Science, London, UK) search employing Biotools 2.2 (Bruker Daltonics).  

BIOMARKER VALIDATION: To validate the identity of the proteins identified using 

the MALDI-LIFT approach, Western analysis was performed on 6uL of the eluted 

proteins derived from the automated processing of serum samples on ClinProt robot using 



IMAC and WCX magnetic beads. Case and control eluates were run parallel on 4-12% 

pre-cast Criterion gels (Bio-Rad Laboratories, Inc.) and transferred to PVDF membrane 

at 400mA for 50min. using the trans-blot semi-dry transfer cells. Primary antibodies were 

obtained from Abcam, Inc. and HRP-conjugated secondary antibodies were obtained 

from Bio-Rad Laboratories, Inc. 

RESULTS:  

Sera from prostate cancer (n= 68) and controls (n= 106) were processed on IMAC-Cu 

and WCX magnetic beads using the robotic ClinProt workstation. Bruker Ultraflex 

MALDI-TOF MS spectra were acquired from each set of eluates in both linear and 

reflector mode (Figure 1). ClinProt 2.0 analysis yielded a total of 448 peaks, with 65 

peaks expressed differentially (p < 0.05) between the cancer and control cohorts (Table 

1). Most of the protein peaks with a p-value < 0.05 ranged from 2000-30,000 m/z in the 

linear mode and 1000-3000 m/z in the reflector mode (Table 2). Classification models 

were generated using Genetic algorithm and Support Vector Machine via ClinProt 2.0 

software for each set, yielding the best sensitivity of 71.3% and specificity of 82.7% 

(Table 3). We then applied the AdaBoost algorithm (Qu et al. Clinical Chemistry 2002; 

48: 1835-1843) with the J48 algorithm for growing and pruning decision trees (Weka 

3.5.6) to this set and used a 10-fold internal cross-validation method. The strongest 

classification was obtained using this combination generating 73.5% sensitivity and 

93.8% specificity for classifying cancer and non-cancer cases.  

All peaks above an intensity threshold of 500 relative intensity units and separated from 

neighboring peaks by at least 10 Da were subjected to MS/MS analysis. In total 55 peaks 

from the ConA fractions, 43 peaks from the WGA fractions and 37 peaks from the 



boronic acid fractions were analysed by MS/MS. Examples for the MS/MS spectra of a 

tryptic peptide of Histidine-rich glycoprotein (1124.582 Da) and of a tryptic peptide of 

Serum Amyloid P component (1811.971 Da) are given in Fig. 5. The resulting fragment 

spectra were submitted to MASCOT for database search with the objective to identify the 

correspponding proteins. For the ConA fraction 45 MS/MS spectra, for the WGA fraction 

21 spectra and for the boronic acid fraction 17 spectra led to significant hits revealing 12, 

10 and 10 different maternal proteins, respectively. The binding profiles of the different 

beads comprised different and also identical proteins. Alpha-2-macroglobulin, 

Ceruloplasmin and Histidine-rich glycoprotein were bound by ConA and WGA. 

Kininogen was found in the WGA and the boronic acid fraction and Complement C1q 

was detected by ConA and boronic acid. 

For protein/peptide identification, MALDI-LIFT-TOF/TOF spectrometry was performed 

on the eluates from the magnetic beads in the presence of CHCA matrix. Out of a total of 

22 peaks or “parent ions” from MB-WCX, 19 peaks could be identified. However, out of 

the 10 peaks from MB-IMAC, none of the proteins could be identified probably due to 

some kind of post-translational modification(s) and/or processing (Figure 3). One of the 

proteins identified from more than one parent ion was Complement C3. Western 

Analysis of some of the case and control eluates from MB-WCX using anti-complement 

C3 antibodies yielded a 72kDa protein band differentially expressed between the case and 

control groups (Figure 3C). A notable finding was the observation of an 8.9K m/z protein 

peak in the MB-IMAC-Cu data set run in the linear mode (Figure 4). Our previous 

studies using SELDI-TOF MS have reported the up-regulation of an 8.9kDa isoform of 

Apolipoprotein A-II in PCa even in the low PSA samples on IMAC-Cu ProteinChips 

http://www.sciencedirect.com.libproxy.uthscsa.edu/science?_ob=ArticleURL&_udi=B6X0P-4KCXJHS-1&_user=108488&_coverDate=08%2F07%2F2006&_rdoc=1&_fmt=&_orig=search&_sort=d&view=c&_acct=C000059724&_version=1&_urlVersion=0&_userid=108488&md5=755a2fb62d25dae19565f3d01a2cf0fd#fig5


(Malik G et al. Clin. Cancer Res. 2005 Feb 1;11(3):1073-85). Studies are underway to 

identify this 8.9K m/z protein peak displaying a consistent overexpression in PCa in a 

similar data set on MALDI.  

 

CONCLUSION 

MALDI-TOF protein-expression profiles generated from prostate cancer sera could be 

used to distinguish cancer from non-cancer sets with a relatively good sensitivity and 

specificity. “On-the-flight” protein identification using the MALDI-LIFT technology can 

provide insight into the “fingerprint” profiles and provide stronger tests for cancer 

detection.  
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Table 1. Number of protein peaks detected by MALDI-TOF MS 

Sample Processing Total number of peaks* Number of peaks  
with a PTT§ <0.05

IMAC-Linear 131 16 
IMAC-Reflector 43 10 
WCX-Linear 61 21 
WCX-Reflector 213 18 
TOTAL 448 65 
*Total number of “peaks” generated by Flex Analysis 3.0 

§Number of “peaks” with p-value of Student’s t-test <0.05 

 

Table 2. Protein peaks with a p-value <0.05 generated by Flex Analysis 3.0 (Bruker 

Daltonics) 

IMAC Linear IMAC Reflector WCX Linear WCX Reflector 
Mass PTT* Mass PTT* Mass PTT* Mass PTT* 
2192.48 0.0103 1349.05 0.005 2195.37 0.0085 929.3 0.0294 
2607.69 0.0051 1451.03 0.005 2656.6 0.0006 1046.33 0.0241 
2644.87 0.0002 1779.35 0.0073 2742.76 0.0074 1061.22 0.0207 
2714.03 0.0532 1866.43 0.0073 2853.43 0.0042 1450.6 0.0294 
2734.83 0.0466 2022.59 0.005 3050.57 0.0321 1692.67 0.0223 
2918.37 0.0083 2082.41 0.0545 3809.49 0.0321 1779.75 0.0207 
2937.58 0.011 2210.53 0.005 4461.82 0.023 1866.83 0.0207 
3227.49 0.0002 2645.6 0.0164 4790.22 0.0002 1888.84 0.0294 
3248.8 0.0151 2660.88 0.0181 5470.27 0.0532 2007.16 0.0024 
4199.45 0.0076 2933.29 0.0288 5904.52 0.0042 2022.99 0.0024 
4395.02 0.0002 3225.8 0.043 6435.99 0.0265 2211.06 0.0167 
5037.71 0.0076   6636.29 0.0407 2239.07 0.0031 
5044.66 0.038   7460.2 0.035 2367.25 0.0155 
5056.68 0.0076   7771.69 0.0265 2624.42 0.0294 
5899.29 0.0003   8140.44 0.0301 2646.18 0.0033 
7764.09 0.0151   8925.57 0.0042 2661.44 0.0167 
8921.76 0.0046   10272.77 0.023 2791.17 0.0277 
     10665.39 0.0093 3242.73 0.0167 
     12602.4 0.0172    
     14047.26 0.0321    
     15178.77 0.0266    
        28010.96 0.0353     

*p-value of Student’s t-test  



Table 3. Classification of the case and control sets using various algorithms  

  Model Generation Internal cross-validation 

  CANCER CONTROL OVERALL CANCER CONTROL OVERALL 

IMAC-Lin. (GA) 100 % 100 % 100 % 70.36 % 77.22 % 73.79 % 

IMAC-Ref. (GA) 100 % 100 % 100 % 69.5 % 80.95 % 75.23 % 

WCX-Lin. (GA) 100 % 100 % 100 % 63.42 % 74.83 % 69.13 %  

WCX-Ref. (GA) 100 % 99.07 % 99.53 % 56.98 % 71.72 % 64.35 % 

WCX-Ref. (SVM) 100 % 99.02 % 99.51 % 71.26 %  82.74 % 77.00 %  

WCX-Lin. (AdaBoost) - - - 
73.5 %  

(Sensitivity)

93.8 % 

(Specificity) 

85.9 %  

(AUC 0.94) 

GA- k-nearest neighbor genetic algorithm (ClinProt 2.0, Bruker Daltonics).; SVM- Support Vector 

Machine algorithm (ClinProt 2.0, Bruker Daltonics); AdaBoost- Boosting algorithm (Qu et al. 2002) with a 

J48 algorithm for growing and pruning decision trees (Weka 3.5.6).  

 



FIGURE LEGENDS 

 

Figure 1. Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Analysis: 

Left: The calculated average spectra for the case (red) and control (green) classes is 

shown for the 1000 to 35,000 m/z range for the linear mode and 1000 to 3500 m/z range 

for the reflector mode. The x-axis records the m/z value (mass-to-charge ratio), the y-axis 

is the peak intensity in arbitrary units (arb. u.). The plot is drawn on a unique scale 

independent of the peak intensity scale. Right: Heat map overview of MALDI spectra. 

Normalized peak intensities for each of the 348 spectra generated in each data set is 

shown for the 1500 to 10,000 m/z range for the linear mode and 500 to 3500 m/z range 

for the reflector mode. The green arrowheads indicate peaks overexpressed in the control 

samples and red arrowheads indicate peaks overexpressed in the cancer samples. 

Figure 2. Representative matrix-assisted laser desorption/ionization time-of-flight 

spectra. Two representative spectra, one from each cohort (cancer CA and control CO) 

were selected randomly from the ~1500 total spectra generated in the analysis of the 

clinical samples after IMAC and WCX magnetic bead enrichment. Mass range of 2,000 

to 20,000 m/z (linear mode) and 1000- 3000 m/z (reflector mode) is shown. The arrows 

indicate peaks displaying differential expression in the case vs. the control set. 

Figure 3. MALDI-LIFT TOF/TOF MS. A. Peak distribution plot displaying the areas 

of the respective peaks in each single spectrum of the two classes as separate values. Peak 

distribution of each sample analyzed in the 1000 to 2200 m/z range in MB-WCX in the 

reflector mode are shown [green circles- controls; red crosses- cancer]. The peaks at 

1061, 1779, 1866 and 2022 m/z are shown with their respective p-values in parenthesis. 



B. All the protein peaks displayed in panel A were identified by MALDI-LIFT 

TOF/TOF as fragments of Complement Component C3. Fragment ions observed in an 

MS/MS spectrum of 1779.75 m/z protein peak is shown in B, marking the fragment ions 

with the Biemann nomenclature. C. Western Analysis of some of the MB-WCX eluates 

from cases (lanes 3 and 4) and controls (lanes 1 and 2) using anti-Complement C3 

antibodies (Abcam, Inc.) detected a 72kDa protein overexpressed in cancer samples 

validating its identity. 

Examples of two MS/MS spectra acquired on an autoflex II TOF/TOF. (A) MS/MS 

spectrum of the peptide peak m/z = 1124.5 Da representing the peptide aa 44–52 of 

Histidine rich glycoprotein. (B) MS/MS spectrum of the peptide peak m/z = 1811.9 Da 

representing the peptide aa 150–165 of Serum Amyloid P component 

Figure 4. Panel A: Average spectrum view with a close-up look at the 7500-9500 m/z 

range. Arrow points to the 8.9K m/z protein peak overexpressed in cancer with its p-value 

in parenthesis. Respective heat map of the same m/z range is shown in Panel B with the 

8.9K m/z peak highlighted in the box. Panel C [reprinted from Malik G et al. (Clin. 

Cancer Res. 2005 Feb 1;11(3):1073-85.)] displays the expression of 8.9K m/z peak in 

prostate serum samples with low PSA in 40 cases and 154 control samples as observed in 

a previous study using SELDI-TOF MS on IMAC-Cu2+.  
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Figure 1.  
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